Introduction
============

Cellular immunity is a process involved in the activation of multiple types of cells such as neutrophils, macrophages, and dendritic cells (DCs), all of which originate from the same progenitor cell, bone marrow stem cell. These stem cells can differentiate into granulocyte--macrophage progenitor cells, which then further convert to monocytes, and finally differentiate into DCs.[@b1-ott-10-1307] DCs are potent professional antigen-presenting cells (APCs) serving as a bridge linking the innate and adaptive immune systems.[@b2-ott-10-1307] Human DCs have many reported markers such as CD40, CD80, and CD86. In addition, the B7:CD28 family of costimulatory molecules also play a key role in triggering T-cell activity.[@b3-ott-10-1307] In the DC microenvironment, cytokines, chemokines, and other stimulatory factors have a great influence on DC differentiation and maturation.[@b4-ott-10-1307] For instance, under lipopolysaccharide (LPS) stimulation, monocytes could differentiate into mature DCs, while transforming growth factor beta (TGF-β) could inhibit their maturation and further interrupt the activation of T cells.[@b5-ott-10-1307]

Recently, long noncoding RNAs (lncRNAs), a new class of transcripts, have attracted increasing attention for their contributions to different kinds of human diseases and genetic disorders. lncRNAs are RNAs longer than 200 nucleotides (nt) and lack protein-coding function. Although not encoding protein products, they play critical functional roles in regulating gene expression by linking different gene regulatory elements together, including miRNAs, histone modifications, and transcription factors.[@b6-ott-10-1307],[@b7-ott-10-1307] Extensive evidences have shown that lncRNA HOTAIR1, a gene transcribed antisense to the *HOXA1/2* intergenic region, can influence myeloid cell development through interaction with various chromatin modifiers to regulate myelopoiesis by modulation of epigenetic state of corresponding genes at the HoxA locus.[@b8-ott-10-1307],[@b9-ott-10-1307] HOTAIR expression levels are closely associated with diverse types of cancer, including breast cancer, colon cancer, liver cancer, and glioma, and it is also a critical regulator of cell cycle progression.[@b10-ott-10-1307]--[@b13-ott-10-1307] HOTAIRM1 could be induced by retinoic acid.[@b14-ott-10-1307],[@b15-ott-10-1307] It is specifically expressed in the myeloid lineage and found most highly in the terminal stage of monocyte differentiation.[@b16-ott-10-1307] Meanwhile, HOTAIRM1 is a positive regulator of these monocyte-related *HOXA* genes, especially *HOXA1*,[@b17-ott-10-1307] by which it acquires a function in further regulating this development process and interfering with monocyte to DC differentiation. Indeed, knockdown of HOTAIRM1 in mice could disturb the transcription of CD11b and CD18.[@b18-ott-10-1307] In this context, recent emerging studies suggested that HOTAIRM1 regulates *HOXA1* gene by epigenetic modification of interaction with the PRC2 complex in mouse embryonic stem cells.[@b18-ott-10-1307],[@b19-ott-10-1307]

In addition to the lncRNA of HOTAIRM1, miRNAs mediate the regulation of *HOXA* genes, which has been identified as another complex molecular mechanism. miRNAs are short noncoding RNAs with a standard size of 20--22 nt, which could finally repress target gene expression by leading to mRNA degradation through binding to the untranslated regions (3′UTRs) of mRNA. Along with this, miR-3960 that is mainly expressed in bone and liver could target *HOXA2* and block its function, which finally affects osteoblast differentiation.[@b20-ott-10-1307] However, besides the direct interaction with target mRNAs, recent studies illustrated that miRNAs can also influence protein-coding gene expression by binding noncoding RNAs, such as circular RNAs (circRNAs), pseudogene, and lncRNAs, to act as competing endogenous RNAs (ceRNAs).[@b21-ott-10-1307],[@b22-ott-10-1307] These ceRNAs function as molecular decoys or "sponges" of miRNAs to impair the activity of miRNAs through sequestration, thereby upregulating miRNA target gene expression.[@b23-ott-10-1307],[@b24-ott-10-1307]

Since the expression of myeloid differentiation-related *HOXA* genes can be influenced by both lncRNA HOTAIRM1 and miRNA miR-3960, we decided to investigate whether there is a potential interaction among HOTAIRM1, miR-3960, and *HOXA* genes based on the "ceRNA theory". In this study, we show that miR-3960 targets both HOTAIRM1 and the DC differentiation repression gene, *HOXA1*, by most possibly constructing a potential ceRNA network. Increased miR-3960 expression could downregulate both of these two long RNAs and finally lead peripheral blood cells to differentiate into DCs. In summary, our study demonstrates that HOTAIRM1 competitively binds to miR-3960 and finally regulates the process of hematopoiesis, which reveals a novel regulatory mechanism of lncRNA function.

Materials and methods
=====================

Human peripheral blood-derived DCs and cell lines
-------------------------------------------------

Human peripheral blood monocytes (HPBMs) were provided by Tianjin Blood Center (Tianjin, People's Republic of China). Mononuclear cells were obtained from blood sample using ficoll. Briefly, the cells were washed in RPMI 1640 medium supplemented with 1% antibiotic for 1.5 h to separate monocytes and T and B lymphocytes. Subsequently, cells were cultured in complete RPMI 1640 medium supplemented with GM-CSF (40 ng/mL) and IL-4 (40 ng/mL). After 3 days, the cells were harvested by centrifugation at 1,600 rpm for 8 min and then plated into a 24-well plate. Two days later, the cells were divided into the following three groups: control, LPS (20 ng/mL) stimulation group, and TGF-β (20 ng/mL) stimulation group. Cells were used for follow-up experiments after 24 h stimulation. Human 293T cells were cultured in dulbecco\'s modified eagle medium (DMEM) with 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA) at 37°C in a humidified 5% CO~2~ atmosphere. Ethical permission for the study was obtained from Nankai University and Tianjin Blood Center.

Reagent and antibodies
----------------------

RPMI 1640, DMEM, and FBS were obtained from Gibco (Grand Land, NY, USA). Recombinant human LPS, TGF-β, GM-CSF, and IL-4 were purchased from Sigma-Aldrich (St Louis, MI, USA). Anti-CD14-FITC and anti-B7H2-PE antibodies were purchased from BD Biosciences (San Diego, CA, USA). Small interfering RNA (siRNA), microRNA (miRNA) mimics, and control oligonucleotides were purchased from Riobio (Guangzhou, China).

Quantitative real-time polymerase chain reaction (PCR)
------------------------------------------------------

Total RNA was isolated from cells using TRIzol reagent (Carlsbad, CA, Invitrogen, USA). One micro-gram of RNA was reverse transcribed to cDNA using the M-MLV Reverse Transcriptase (Tiangen, Beijing, China) according to the manufacturer's instructions. Quantitative PCR was performed using SYBR Mixture (CWBIO, Beijing, China), and the fluorescence signal was detected by iQ5 Multicolor real-time (RT)-PCR system (Bio-Rad, Hercules, CA, USA). PCR primer for human was as follows: glyceraldehyde-3-phosphate dehydroge-nase (*GAPDH*), 5′-GAAGGTGAAGGTCGGAGTC-3′ (sense), 5′-GAAGATGGTGATGGGATTTC-3′ (antisense); miR-3960 stem-loop, 5′-GTATCCAG TGCAGGGTCCGAGGTATTCG CACTGGATACGACCCCCCG-3′; miR-3960 forward, 5′-ATATATAGGCGGCGGCGGA-3′; universal reverse for miRNA, 5′-GTGCAGGGTCCGAGGT-3′; U6, 5′-CTCGCTTCGGCAGCACA-3′ (sense), 5′-AACGCTTCACGAATTTGCGT-3′ (antisense); HOTAIRM1, 5′-CCCACCGTTCAATGAAAGATG-3′ (sense), 5′-TCAAACACCCACATTTCAACC-3′ (antisense); *HOXA1*, 5′-CAAAAGAAACCCTCCCAAAAC-3′ (sense), 5′-CGTCAGGTACTTGTTGAAG-3′ (antisense). *GAPDH* was used as an endogenous control. Fold changes were calculated using the 2^−ΔΔCt^ method. PCRs were conducted in triplicate for each sample. All the reactions were performed in triplicate.

Transfection
------------

The cells were cultured in a 24-well plate for the process of monocyte to DC differentiation and then transfected with either HOTAIRM1 or negative control siRNA (100 nM) by using the HiPerFect Transfection Reagent (Qiagen, Alencia, CA, USA) according to the manufacturer's instructions.

Cell surface staining
---------------------

Cells transfected with either control or experimental siRNA were collected and maintained in ice-cold PBS with 1% FBS. The expression of CD14 or B7H2 was detected by incubating with antibodies for 15--30 min. After washing twice using PBS, cells were fixed in 1% paraformaldehyde and analyzed using FACScan flow cytometer (BD Biosciences).

Prediction of binding sites
---------------------------

The binding site of miR-3960 on HOTAIRM1 lncRNA was predicted using the RNAfold webserver (<http://nhjy.hzau.edu.cn/kech/swxxx/jakj/dianzi/Bioinf4/miRNA/miRNA1.htm>).

Results
=======

HOTAIRM1 is downregulated during the process of monocyte to DC differentiation
------------------------------------------------------------------------------

Previous studies have suggested that HOTAIRM1 played a key role in myeloid cell differentiation.[@b16-ott-10-1307] To explore the potential mechanisms of HOTAIRM1 involved in DC differentiation, an epigenetic modification study was performed using the H3K4me3 and H3K27me3 methylation ChIP-chip map analyses. Indeed, H3K4me3 and H3K27me3 peaks were found in HOTAIRM1-related regions and were highly dynamic along with the process of DC differentiation. Moreover, stimulation with LPS to promote the maturation of HPBMs to DCs led to the downregulation of the transcription activation marker H3K4me3, while the inhibition marker H3K27me3 was increased. In contrast, TGF-β treatment resulted in repressing their DC conversion, whereas H3K4me3 and H3K27me3 expression showed an opposite effect ([Figure 1A](#f1-ott-10-1307){ref-type="fig"}). Moreover, the effect of two pivotal epigenetic-associated factors *RBBP4* and *RBBP7* on the regulation of HOTAIRM1 was further investigated. As shown in [Figure 1B](#f1-ott-10-1307){ref-type="fig"}, silencing of these two factors significantly increased the mRNA level of HOTAIRM1 ([Figure 1B](#f1-ott-10-1307){ref-type="fig"}). *RBBP4* and *RBBP7* were found to repress transcription by promoting histone deacetylation and nucleosome remodeling. In addition, *RBBP4* and *RBBP7* were found to be the components of multiple epigenetic function-associated complexes such as histone deacetylase (*HDAC*) complex, the nucleosome remodeling, *HDAC* complex (the NuRD complex), and the *PRC2/EED--EZH2* complex.[@b25-ott-10-1307],[@b26-ott-10-1307] These findings indicated that HOTAIRM1 was tightly regulated during DC maturation and its downregulation was closely associated with this process.

HOTAIRM1 is tightly regulated by histone modifications during DC differentiation
--------------------------------------------------------------------------------

In addition to the research mentioned earlier on histone modifications of HOTAIRM1 gene, we also detected its RNA level directly and the result was consistent with the H3K4me3 and H3K27me3 changes. Stimulation of HPBMs with granulocyte-macrophage colony stimulating factor (GM-CSF) and interleukin-4 (IL-4) for the induction of differentiation led to a downregulation of HOTAIRM1 as detected by reverse transcription polymerase chain reaction (RT-PCR) analysis. Although HOTAIRM1 expression on day 5 was slightly higher than that on day 3, it still maintained a relatively low level in comparison to control level as seen on day 0. This suggested an opposite relationship between HOTAIRM1 expression and DC differentiation ([Figure 2A](#f2-ott-10-1307){ref-type="fig"}). This conclusion was supported by the fact that the addition of DC differentiation-promoting agent LPS was accompanied by decline in this RNA level, while the inhibitory factor TGF-β could upregulate HOTAIRM1 ([Figure 2B](#f2-ott-10-1307){ref-type="fig"}). In addition, flow cytometry results visually showed that, compared with the control group, downregulation of HOTAIRM1 using its siRNA had the effect of reducing the monocyte markers CD14 and B7H2 more severely ([Figure 2C and D](#f2-ott-10-1307){ref-type="fig"}), implying that this lncRNA had the ability of keeping monocyte markers and inhibiting them from developing into DCs.

The expression of HOTAIRM1 shows negative correlation with miRNA-3960
---------------------------------------------------------------------

lncRNAs function as ceRNAs to bind to miRNAs, which has recently been identified as a novel posttranscriptional regulatory mechanism associated with multiple tumorigenesis. To elucidate whether HOTAIRM1 performed its function through this mechanism in myeloid cells, we analyzed the secondary structure of HOTAIRM1 and then searched the potential miRNAs binding to HOTAIRM1 using RNAfold webserver. Finally, we identified miR-3960 as a promising putative interaction partner of HOTAIRM1. The seed sequence of this lncRNA to interact with miR-3960 located at position 384--404 with a length of 21 nt, which is much longer than the usual miRNA-binding site in mammalian cells with a length of 6--8 nt. Finally, the interaction of miR-3960 with HOTAIRM1 would result in the degradation of these two noncoding RNAs, which needed a long seed region to mediate this effect, rather than just inhibiting the usual activity of target RNA without the occurrence of any decay event ([Figure 3A and B](#f3-ott-10-1307){ref-type="fig"}).

Previous studies have shown that miR-3960 affected osteoblast differentiation by targeting *HOXA2*[@b15-ott-10-1307] and, coincidently, HOTAIRM1 located at the region between *HOXA1* and *HOXA2*. This gave us a hint that there may be a potential correlation between HOTAIRM1 and miR-3960 in the regulation of gene expression. To test the relationship between HOTAIRM1 and miR-3960, HOTAIRM1 siRNA was transfected in peripheral blood cells. Interestingly, downregulation of HOTAIRM1 by siRNA led to an increased miR-3960 expression ([Figure 3C and D](#f3-ott-10-1307){ref-type="fig"}), suggesting a negative correlation between these two noncoding RNAs. Under normal condition, HOTAIRM1 binds miR-3960 with its seed sequence. This binding made both of them enter the pathway of degradation. Therefore, miR-3960 could not be detected at a high concentration. However, when HOTAIRM1 was decayed by its siRNA in advance, a large amount of miR-3960 could escape from this lncRNA-mediated degradation and be detected at a higher level. Taken together, all these results displayed that there was a reciprocal inhibition mechanism between HOTAIRM1 and miR-3960.

HOTAIRM1 promoted the expression of HOXA1 through downregulation of miR-3960
----------------------------------------------------------------------------

To determine whether the regulatory correlation between HOTAIRM1 and miR-3960 has functional consequences for the regulation of gene expression, the well-established target genes *HOXA1* and *HOXA2*, were investigated. A previous study showed that *HOXA1* was positively regulated by HOTAIRM1 and *HOXA2* was a target of miR-3960.[@b15-ott-10-1307] Although these two *HOXA* genes are different, in view of their homology, we hypothesized that one of these genes, *HOXA1*, could be regulated by those noncoding RNA interactions. Indeed, miR-3960 not only had an effect on HOTAIRM1 RNA level, but it could also influence *HOXA1*, similar to *HOXA2*, as demonstrated by the experiment on 293T cells. Depletion of miR-3960 by transfection of miR-3960 inhibitor resulted in a significant increase in both HOTAIRM1 and *HOXA1* mRNA expressions ([Figure 4A](#f4-ott-10-1307){ref-type="fig"}), which further influenced the process of monocyte to DC differentiation. As shown in [Figure 4B and C](#f4-ott-10-1307){ref-type="fig"}, decreased miR-3960 could keep cells in a monocytic phenotype with high expression levels of CD14 and B7H2. Previous studies had described that *HOXA* genes accounted for the same function.[@b15-ott-10-1307] In contrast, when peripheral blood monocytes were transfected with miR-3960 to consequently downregu-late HOTAIRM1 and *HOXA1* levels, these cells exhibited a phenotype with low CD14 and B7H2 expression levels, indicating that the cells were liberated from the inhibitory effects of the two RNAs on DC differentiation. Based on these findings, we conclude the existence of the ceRNA network of HOTAIRM1--miR-3960--*HOXA1*, which acted as a regulatory module during myeloid development.

Discussion
==========

HOTAIRM1, a long intergenic noncoding RNA located between human *HOXA1* and *HOXA2* genes, is expressed specifically in the myeloid lineage.[@b18-ott-10-1307] Our results have shown that HOTAIRM1 could hamper miR-3960 from functioning to repress monocyte-related *HOXA1* mRNA expression and finally result in amplified *HOXA1* expression in monocytes, while overexpression of miR-3960 could in turn downregulate both of these two long RNAs and liberate cells to enter into the DC differentiation pathway.

Extensive evidence had implied that lncRNAs play important roles in multiple biological processes. Our study focused on the regulatory mechanism of HOTAIRM1 in myeloid cell development. In view of the fact that several lncRNAs are controlled tightly by chromatin-modifying enzymes regulating the transcriptional activation or silencing of some genes,[@b27-ott-10-1307] we investigated the factors associated with HOTAIRM1 expression using our H3K4me3 and H3K27me3 ChIP-chip map analyses. We found that during myeloid differentiation, these two histone modifications displayed significant changes in HOTAIRM1 gene-related regions, indicating the interaction between this lncRNA and DC development.

Furthermore, we showed that HOTAIRM1 silencing led to the downregulation of the two markers CD14 and B7H2 in peripheral blood cells. CD14 serves as a monocyte marker, and B7H2 is expressed in activated monocytes. Hence, the decline in their level is an evidence of the number of monocytes decreased. In contrast, most cells have transdifferentiated into DCs, which indicates that HOTAIRM1 is a negative regulator of monocyte--DC differentiation.[@b28-ott-10-1307],[@b29-ott-10-1307]

To explore the mechanism of how HOTAIRM1 functions to repress this process, we have adopted the ceRNA theory here, which emphasizes that lncRNAs act as ceRNAs to impair miRNA activity by sequestering paired miRNAs and facilitate corresponding mRNAs to function without miRNA interference.[@b30-ott-10-1307],[@b31-ott-10-1307] In the light of this thought, we have found that miR-3960 and its target mRNA HOXA1 are able to build a ceRNA network with lncRNA HOTAIRM1, which functionally influences DC differentiation. The negative correlation between the expressions of HOTAIRM1/HOXA1 and miR-3960 and the subsequent downregulation of the monocyte markers CD14 and B7H2 demonstrate the potential regulatory mechanism of this ceRNA network.

Conclusion
==========

We have found HOTAIRM1 as an lncRNA to regulate myeloid development, which is strictly regulated by epigenetic factors such as histone modifiers H3K4me3 and H3K27me3. Furthermore, HOTAIRM1 can form a ceRNA network together with miR-3960 and *HOXA1*, which acts as a negative regulator of DC differentiation. Pairing miR-3960 by HOTAIRM1 can finally result in the maintenance of monocyte phenotype without converting to DCs. In conclusion, our findings provide a new target in the immune therapy against tumor and reveal a novel strategy for improving the antitumor responses. Thus, these results also offer valuable reference for the research on targeted drug.
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![Epigenetic screening reveals that lncRNA HOTAIRM1 is associated with histone methylation.\
**Notes:** (**A**) Monocytes were isolated from human peripheral blood and stimulated with LPS or TGF-β. Then, the prepared cells were detected by ChIP-chip technology. The H3K4me3 and H3K27me3 methylation states around HOTAIRM1 gene regions were analyzed by IGV genome explorer. (**B**) RT-PCR result of HOTAIRM1 RNA level in DCs transfected with various epigenetic-associated factor siRNAs. \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** DCs, dendritic cells; lncRNA, long noncoding RNA; RT-PCR, real-time polymerase chain reaction; NC, negative control.](ott-10-1307Fig1){#f1-ott-10-1307}

![HOTAIRM1 is involved in DC differentiation.\
**Notes:** (**A**) The HOTAIRM1 RNA concentration was analyzed by RT-PCR in the process of monocyte differentiation to DCs. (**B**) HOTAIRM1 lncRNA level in monocytes stimulated with LPS or TGF-β. Flow cytometry to detect CD14 (**C**) and B7H2 (**D**) in cells transfected with HOTAIRM1 or NC siRNA. Each experiment was independently performed three times. \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** DCs, dendritic cells; lncRNA, long noncoding RNA; RT-PCR, real-time polymerase chain reaction; NC, negative control.](ott-10-1307Fig2){#f2-ott-10-1307}

![HOTAIRM1 interacts with miR-3960.\
**Notes:** (**A** and **B**) HOTAIRM1 secondary structure was stimulated, and its potential binding site for miR-3960 was predicted by the RNAfold webserver. (**C**) HOTAIRM1 concentration was detected in peripheral blood cells loaded with HOTAIRM1 siRNA or negative control siRNA using RT-PCR. (**D**) The corresponding miR-3960 concentrations after HOTAIRM1 siRNA or NC siRNA transfection were also detected. \*\**P*\<0.01; \*\*\**P*\<0.005.\
**Abbreviations:** RT-PCR, real-time polymerase chain reaction; NC, negative control.](ott-10-1307Fig3){#f3-ott-10-1307}

![HOTAIRM1 and miR-3960 play important functional roles in the regulation of target gene expression and cell differentiation.\
**Notes:** (**A**) The RNA level of miR-3960, HOTAIRM1, and HOXA1 in 293T cells transfected with miR-3960 inhibitor or NC siRNA. Flow cytometry to detect the level of CD14 (**B**) and B7H2 (**C**) in peripheral blood cells transfected with miR-3960 mimics or NC siRNA. Each experiment was independently performed three times. \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviation:** NC, negative control.](ott-10-1307Fig4){#f4-ott-10-1307}
